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1.  INTRODUCTION 

The  operational  lives  of  many  Air  Force  systems  have  been  limited 
by  flaws  which  initiate  at  fastener  holes  and  propagate  to  failure.  One 
means  of  improving  the  fatigue  life  of  the  structure  is  to  inhibit  the  growth 
of  flaws  emanating  from  the  holes  by  prestressing  the  metal  around  the  hole 
either  by  coldworking  with  an  oversized  mandrel  or  using  interference- fit 
fasteners.  Successful  design  improvement  of  fasteners  or  processing  tech- 
niques requires  an  understanding  of  the  residual  stress  state  around  the  hole 
and  the  change  in  this  stress  state  with  static  or  fatigue  loading.  Grandt[l] 
has  shown  that,  given  this  stress  state,  the  stress  intensity  factor  can  be 
readily  calculated  for  radial  cracks.  Once  this  factor  is  known,  the  influ- 
ence of  the  flaw  can  be  evaluated  and  the  maximum  allowable  crack  size  for 
a material  can  be  prescribed.  The  Air  Force's  c image  tolerant  design  pro- 
cedure [2]  requires  the  consideration  of  cracks  at  fasteners,  as  well  as  the 
traditional  static  and  fatigue  design  requirements. 

Basic  understanding  of  the  complicated  nonlinear  stress  state  around 
prestressed  holes  subjected  to  various  loading  configurations  will  come  from 
theoretical  and  experimental  studies  of  representative  problems.  Analytical 
and  finite-element  techniques  have  been  used  to  predict  the  residual  stresses 
and  strains  around  a prestressed  hole,  but  validation  of  these  theories  with 
experimental  results  has  been  extremely  limited.  In  many  cases,  e.g.,  a 
pin- loaded  prestressed  hole,  it  is  almost  impossible  to  model  the  structure 
properly  because  of  the  complex  boundary  conditions.  Experimental  studies 
are  clearly  needed,  but  the  measurement  of  large  strains  and  sharp  strain 
gradients  near  a hole  or  fastener  is  a difficult  task. 

1.1.  Theoretical  Solutions 

Several  theoretical  solutions  to  the  problem  of  an  expanding  hole  in 
a thin  sheet  of  material  exist;  these  are  discussed  in  more  detail  in  section 
6 of  this  report.  All  of  these  theories  assume  that  the  hole  is  radially  load- 
ed (prescribing  either  pressure  or  displacement  at  the  hole)  so  that  the  ma- 
terial near  the  hole  is  loaded  above  its  yield  stress.  All  of  the  theories 
assume  that  a state  of  plane  stress  exists  everywhere  in  the  sheet,  and 
most  of  them  assume  that  the  sheet  is  infinite  in  extent.  After  the  loading 
is  removed  at  the  hole  edge,  most  theories  assume  that  the  material  un- 
loads elastically  with  no  reverse  yielding. 
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The  theories  may  be  classified  according  to  their  kind  of  solution. 
Analytical  solutions  in  which  expressions  for  the  stresses  and  strains  are 
given  in  closed  form  exist;  this  kind  of  solution  is  desirable  because  of  its 
ease  of  application.  Some  numerical  solutions  in  which  the  differential 
equation,  along  with  its  boundary  conditions,  is  solved  via  a computer  are 
also  available.  These  numerical  solutions  present  their  results  in  dimen- 
sionless form,  so  they  are  also  easy  to  use.  One  finite- element  solution 
which  employs  an  elastic-plastic  finite- element  computer  code  also  exists 
[3];  that  Air  Force- sponsored  research  has  motivated  the  present  study. 
Equally  as  important  as  the  form  of  the  solution  is  the  assumption  about 
the  material  behavior  in  the  plastic  region.  The  constitutive  behavior  as- 
sumed ranges  from  perfectly  plastic  to  elastic-perfectly- plastic  to  a two 
parameter  power  law. 

A fair  amount  of  work  has  been  done  on  this  residual  stress  prob- 
lem in  the  past  few  years,  and  at  this  point  almost  all  the  power  of  the  mod- 
ern deformation  theory  of  plasticity  has  been  brought  to  bear  on  the  prob- 
lem. Any  theoretical  solution  that  gives  the  residual  stress  and  strain  dis- 
tribution also  gives  the  location  of  the  elastic-plastic  boundary.  In  this 
report  the  residual  strain  distributions  are  measured;  in  the  future,  mea- 
surement of  the  elastic-plastic  boundary  location  may  be  used  to  initially 
evaluate  the  theories. 

To  give  an  idea  of  the  measurement  problem,  residual  strains  pre- 
dicted by  the  earliest  theory  (Nadai  [4])  are  plotted  in  Figure  1.1.  Discus- 
sion of  the  theories  in  section  6 and  comparison  with  the  measurements  in 
section  5 will  show  that  this  earliest  theory  is  by  no  means  the  worst;  in 
fact.  Figure  1.1  is  a reasonably  good  quantitative  description  of  the  resid- 
ual strains. 


1.2.  Residual  Strain  Measurements 

The  only  existing  experimental  stress  analysis  devoted  specifically 
to  this  problem,  i.  e.,  coldworked  holes,  is  that  of  Adler  and  Dupree  [3], 
Several  other  investigations  in  which  the  strain  near  interference-fit  fas- 
teners was  measured  have  been  performed;  these  will  be  discussed  later 
in  section  4. 

Adler  and  Dupree  [3]  used  the  moir£  technique  to  measure  the 
strains  around  the  hole  both  after  it  had  been  coldworked  and  as  it  was 
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DISTANCE  - mm 


ted  residual  radial  and  tangential  strain  from 
s theory  (4)  for  a 0.012  inch  (0.030  mm)  diametral 
ion  of  a 0.260  inch  (6.60  mm)  hole. 


subjected  to  a remote  tensile  load.  However,  when  their  specimens  were 
prepared,  the  holes  were  chamfered  according  to  standard  machine  shop 
practice.  This  greatly  affected  the  strain  field  on  the  specimen  surface 
and  made  comparison  with  the  finite  element  solution  inconclusive. 

Figure  1.1  illustrates  the  difficulty  to  be  expected  in  making  strain 
measurements.  The  plastic  strains  are  quite  large,  and  they  vary  drasti- 
cally over  very  short  distances  near  the  hole  edge.  Measurement  of  this 
kind  of  strain  field  is  a nontrivial  experimental  mechanics  problem. 

1.3.  Coldworking  Procedure 

The  coldworking  procedure  studied  in  this  report  is  the  one  devel- 
oped by 

J.  O.  King,  Inc 

711  Trabert  Avenue,  N.  W. 

Atlanta,  Georgia  30318 

in  which  a thin-walled  sleeve  is  first  inserted  into  the  hole  and  then  a ta- 
pered mandrel  is  pulled  through  the  sleeve.  After  the  mandrel  has  been 
removed,  the  sleeve  may  or  may  not  be  removed  before  the  fastener  is  in- 
serted, but  usually  the  sleeve  is  left  in  the  hole.  The  specific  amount  of 
expansion  used  in  this  study,  0.012  inch  (0.30mm)  diametral  expansion  of 
a 0.  260  inch  (6.60mm)  hole,  was  chosen  because  it  matched  the  finite- 
element  solution  of  Adler-Dupree  [3],  They  chose  it  originally  because 
it  is  typical  of  coldworking  applications.  The  sleeve  was  removed  for 
these  experiments  because  none  of  the  modern  theories  account  for  the 
presence  of  a sleeve. 

It  may  be  argued  that  if  one  wishes  to  evaluate  theories  of  plastic 
radial  expansion,  one  should  match  the  boundary  conditions  as  closely  as 
possible.  The  approach  in  this  report  is  to  examine  (by  comparison  of  ex- 
periment and  theory)  the  capability  of  the  theories  to  model  this  one  prac- 
tical coldworking  process.  An  experimental  study  in  which  one  carefully 
generated  a radial  loading  would  be  quite  useful  in  deciding  what  simplifying 
assumptions  (as  to  material  behavior,  for  example)  are  permissible.  How- 
ever, the  industrial  process  would  still  have  to  be  studied  to  determine  the 
theory’s  applicability. 

1.4.  Overview  of  Report 

The  material  used  in  this  research  is  aluminum  7075-T6;  its  prop- 
erties are  given  in  section  2.  Care  must  be  taken  in  preparing  the  original 
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hole  to  exact  dimensions  and  coldworking  it  in  a manner  that  is  similar  to 
the  industrial  process  and  yet  controlled  enough  to  permit  reproducible 
tests.  The  procedures  for  preparing  and  coldworking  the  specimens  are 
given  in  section  3.  The  difficulty  of  strain  measurement  has  already  been 
mentioned;  various  possible  techniques  are  examined  and  those  used  in 
this  report  are  described  in  section  4. 

The  results  of  a series  of  coldworking  experiments  for  three  spec- 
imen thicknesses  are  given  in  section  5.  The  existing  theories  are  dis- 
cussed at  some  length  in  section  6,  and  their  predicted  residual  stress  and 
strain  distributions  are  plotted  for  the  particular  coldworking  expansion. 

Section  7 is  a comparison  of  the  theories  with  the  experimental  results  and 
as  such  contains  the  primary  information  of  this  work. 

Adler  and  Dupree  [3]  studied  the  behavior  of  a test  specimen  under 
remote  loading  using  their  finite-element  method.  In  this  investigation, 
strains  were  measured  with  foil  gages  as  specimens  were  loaded;  these 
results  are  given  in  section  8.  Some  preliminary  results  of  fatigue  tests 
are  presented  in  section  9,  and  closing  comments  are  in  section  10. 


2.  MATERIAL  SPECIFICATIONS 

The  material  used  for  these  studies  was  aluminum  type  7075-T6. 
Material  for  the  3/4  inch  (6.4mm)  thick  specimens  was  taken  from  the 
same  plate  of  material  as  used  in  the  Adler- Dupree  [3]  work.  Material 
was  purchased  for  the  l/8  inch  (3.2mm)  and  1/16  inch  (1.6mm)  specimens. 
To  verify  that  the  various  thicknesses  of  material  had  essentially  the  same 
mechanical  properties,  stress-strain  curves,  hardness  readings,  and  pho- 
tographs of  the  microstructure  were  obtained. 

Figure  2.1  presents  the  stre ss- strain  curves  and  shows  that  there 
is  little  difference  among  them.  These  curves  are  only  slightly  different 
from  the  one  obtained  by  Adle r- Dupree . Rockwell  B hardness  measure- 
ments for  the  three  thicknesses  were: 

1/4  inch  --  RQ  = 92 

D 

l/8  inch  --  R_  = 93 

D 

1/16  inch  --  R„  = 92  . 

D 

Photographs  of  the  microstructure  are  presented  in  Figure  2.2,  and 
it  is  seen  that  the  microstructure  is  essentially  the  same. 

From  these  measurements,  itis  concludedthat  there  is  insignificant 
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Figure  2.2  Photomicrographs  of  the  three  different  sheets  of  7075-T6 
aluminum  (100  X). 
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1/8  inch  (3.2  mm)  thick 


1/16  inch  (1.6  mm)  thick 


variation  in  the  mechanical  properties  of  the  three  different  sheets  of 
specimen  material. 

3.  HOLE  PREPARATION  AND  COLDWORKING 

It  is  necessary  to  generate  round,  nontapered  holes  to  a specific 
dimension  so  that  one  can  accurately  measure  the  amount  of  coldworking 
deformation.  A certain  tolerance  on  the  holes  is  required  if  one  is  to  com- 
pare coldworking  of  various  specimens.  The  variability  in  hole  si?.e  and 
coldworking  process  that  would  be  present  in  an  industrial  atmosphere  can- 
not be  permitted  here. 

Holes  were  prepared  by  first  drilling  them  with  a 0.25  inch  (6.4 
mm)  drill  and  then  using  a honing  machine  to  bring  the  diameter  up  to  the 
nominal  0.260  ± 0.001  inch  (6.60  ± .03mm).  The  honing  machine  produced 
straight  sides  in  the  hole  (no  evidence  of  spiraling)  and  square  edges  of  the 
hole.  The  size  was  determined  with  a plug  gage  with  a "go"  cylinder  of 
0.2598  inch  (6.599mm)  and  a "no-go"  cylinder  of  0.2602  inch  (6.609mm). 
Upon  receipt  from  the  machine  shop,  the  holes  in  the  specimens  were  mea- 
sured with  a microscope  equipped  with  an  x-y  stage.  The  greatest  uncer- 
tainty in  this  measurement  is  in  locating  the  edges  of  the  holes  accurately. 
Measurements  were  made  along  diameters  at  45°  intervals,  and  each  mea- 
surement was  repeated  at  least  three  times.  The  variation  in  repeated 
measurements  was  usually  less  than  0.0001  inch  (3  microns).  Typical  di- 
ameters measured  for  a set  of  six  rectangular  specimens  are  given  in 
Table  3.1.  These  measurements  show  that  the  holes  are  of  acceptable 
roundness  and  diameter. 

The  holes  were  coldworked  by  pulling  a mandrel  through  them,  as 
illustrated  by  the  schematic  in  Figure  3.1.  The  tapered  mandrel  is  insert- 
ed into  the  sleeve,  and  the  mandrel  and  sleeve  inserted  into  the  hole.  The 
washer  of  the  sleeve  is  pressed  against  an  anvil,  and  the  mandrel  pulled 
through  the  sleeve.  This  is  the  same  as  the  industrial  process  specified 
by  J.  O.  King,  Inc.  A machine  incorporating  a hand-operated  hydraulic 
cylinder  was  constructed  to  pull  the  mandrel  in  the  laboratory;  a photo- 
graph of  it  is  given  in  Figure  3.2.  The  tension  rod  linking  the  mandrel  to 
the  cylinder  piston  had  been  instrumented  with  strain  gages  to  permit  cali- 
bration of  the  force  in  terms  of  the  pressure.  The  peak  force  was  1200- 
1600  pounds  (5340- 71 20N). 
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Table  3.1 


ppppr"""'-*- 


Diameters  of  Holes  (in  inches)  for  Typical  Set  of  \ inch  Specimens 


Orientation 


Specimen 

45° 

90° 

135° 

180° 

i 

A 

Front 

0.2603 

0i2600 

0.2601 

0.2605 

A 

Back 

0.2606 

0.2605 

0.2608 

0.2606 

B 

Front 

0.2603 

0.2603 

0.2606 

0.2604 

Back 

0.2601 

0.2601 

0.2602 

0.2601 

r* 

Front 

0.2601 

0.2601 

0.2598 

0.2600 

L 

Back 

0.2601 

0.2599 

0.2597 

0.2596 

T-\ 

Front 

0.2601 

0.2600 

0.2599 

0.2599 

U 

Back 

0.2600 

0.2598 

0.2600 

0.2600 

E 

Front 

0.2602 

0.2602 

0.2601 

0.2602 

Back 

0.2594 

0.2598 

0.2613 

0.2607 

Front 

0.2598 

0.2595 

0 2595 

0.2593 

r 

Back 

0.2601 

0.2594 

0.2594 

0.2593 

The  sleeves  inserted  in  the  hole  were  part  number  JK  5535  C 08  N 04  L 
from  J.  O.  King,  Inc.  These  were  supplied  with  the  mild  steel  washer  at- 
tached (see  Figure  3.3),  and  a dry  film  lubricant  applied  to  the  inside  and 
outside.  The  function  of  the  mild  steel  washer  is  simply  to  protect  the 
sleeve  and  specimen  as  the  mandrel  is  pulled  through;  it  pops  off  after 
coldworking.  Several  sleeves  were  sectioned,  and  the  average  wall  thick- 
ness was  found  to  be  0.0075  inches  (0.19mm)  in  agreement  with  Adler  and 
Dupree  [3]. 

The  0.257  inch  (6.53mm)  mandrel  used  was  J.  O.  King,  Inc.,  part 
number  JK  6540-08-257,  illustrated  in  Figure  3.3.  Note  that  the  length  of 
the  final  diameter  is  only  0.125  inch  (3.2mm);  it  is  not  possible  to  uniform- 
ly expand  a hole  in  a 0.25  inch  (6.4mm)  thick  plate.  According  to  the  J.  O. 
King,  Inc.,  literature,  the  0.257  inch  (6.53mm)  diameter  mandrel  will  give 
a radial  expansion  cf  0.007  inches  (0.18mm)  to  a 0.260  inch  (6.60 mm)  hole, 
but  this  is  based  on  a sleeve  thickness  of  0.0085  inches  (.22  mm).  A maximum 
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radial  expansion  of  0.006  inches  (0.15  mm)  would  be  achieved  with  the 
0.0075  inch  (0.19mm)  thick  sleeves.  The  radial  expansion  of  the  hole 
with  the  mandrel  and  sleeve  inserted  cannot  be  measured  directly;  it 
must  be  computed  from  the  dimensions  of  the  hole,  mandrel,  and  sleeve. 

It  is  estimated  that  this  computed  expansion  is  accurate  to  ± 0.0005  inch 
(0.01  mm). 

The  0.257  inch  (6.53mm)  diameter  mandrel  is  the  largest  available 
for  nominal  l/4  inch  holes,  so  +he  sleeve  is  very  tightly  wedged  into  the 
hole.  To  remove  the  sleeve,  the  washer  end  of  it  was  surrounded  by  a 
larger  washer  for  the  anvil  to  react  against  and  the  mandrel  pulled  through 
a second  time.  The  force  required  to  pull  the  sleeve  out  was  about  600 
pounds  (2670N). 

After  removal  of  the  sleeve,  the  dimensions  of  the  hole  in  Speci- 
men A are: 

Table  3.2 

Hole  Dimensions  (in  inches)  of  Specimen  A After  Sleeve  Removal 

Of 45f 90f 135° 

Front  0.2722  0.2711  0.2718  0.2710 

Back  0.2710  0.2710  0.2709  0.2707 

This  gives  radial  expansions  listed  in  Table  3.3. 

Table  3.3 

Residual  Diametral  Expansion  (in  inches)  of  Specimen  A 

Off 45f 90f 135° 

Front  0.0112  0.0106  0.0114  0.0102 

Back  0.0100  0.0102  0.0099  0.0095 

The  hole  is  not  uniform  through  the  plate  thickness  after  coldwork- 
ing; it  is  slightly  smaller  on  the  back  side  where  the  washer  5 attached  to 
the  sleeve.  The  nature  of  the  coldworking  operation  is  to  exert  a force  per- 
pendicular to  the  specimen  surface  through  the  sleeve  and  thus  constrain 
deformation  of  the  hole  on  the  back  side. 
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4.  STRAIN  MEASUREMENT  TECHNIQUES 


In  this  section  the  various  tools  available  to  the  experimentalist 
are  examined  and  the  most  appropriate  ones  selected  for  measurement  of 
the  plastic  strains. 

4.  1.  Nature  of  Deformation  around  a Coldworked  Hole 

Some  preliminary  experiments  were  run  to  verify  that  the  cold- 
working procedure  was  working  properly  and  to  get  an  idea  of  the  state  of 
deformation  around  a coldworked  hole.  Photographs  of  the  deformed  area 
around  the  holes  in  a l/4  inch  thick  (6.4mm)  specimen  are  given  in  Figure 

4.1.  The  most  notable  feature  is  the  large  amount  of  deformation  near  the 
hole  edge.  Furthermore,  the  deformation  is  so  great  that  individual  grains 
have  rotated;  slip  lines  are  easily  visible  in  Figure  4.1.  The  material  in 
the  neighborhood  of  the  hole  edge  cannot  be  considered  as  a homogeneous, 
isotropic  continuum  on  a local  scale.  The  -urge  deformation,  inhomogene- 
ity of  strains,  and  the  sharp  gradient  make  strain  measurements  difficult 
near  the  hole. 

4.2.  Techniques  Used  in  This  Research  Program 
4.  2.  1.  Indentation  technique 

It  was  quickly  discovered,  after  examining  coldworked  specimens 
such  as  the  one  shown  in  Figure  4.1,  that  a way  of  measuring  the  strain 
over  a short  gage  length  close  to  the  whole  was  to  measure  the  before- and- 
after  distance  between  small  fiducial  marks.  A Vicker's  hardness  tester 
was  used  for  this  kind  of  measurement,  which  will  be  referred  to  as  the 
indentation  technique.  The  hardness  tester  consists  of  a 100X  and  400X 
microscope  mounted  above  an  X-Y  stage.  Included  with  the  microscope 
head  is  a mechanism  for  making  pyramidal  indentations  with  a diamond 
indenter . 

The  procedure  was  to  apply  two  indentations  (each  about  10  microns 
on  a side)  a nominal  distance  of  200  microns  apart.  This  initial  distance 
was  measured,  and  then  it  was  remeasured  after  coldworking.  The  strain 
was  computed  as  the  difference  between  the  two  distances  divided  by  the 
initial  distance.  The  diamond  indenter  makes  sharp  fiducial  marks,  and 
the  distance  between  indentations  can  be  measured  to  0.1  microns  (uncer- 
tainty of  0.05  microns).  The  uncertainty  in  comparing  the  before-and- after 
measurements  is  thus  0.2  microns,  so  the  uncertainty  of  the  measurement 
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is  0.1  percent  strain.  This  is  acceptable  for  the  larger  strains  of  2 per- 
cent or  more. 

A pattern  of  indentations  was  applied  according  to  the  scheme  shown 
in  Figure  4.2.  This  gives  both  radial  and  tangential  strains  along  a radial 
line  from  the  hole.  The  closest  tangetial  strain  measurement  is  0.05mm 
from  the  hole  and  the  closest  radial  strain  is  0.15mm.  A set  of  indenta- 
tions can  be  seen  upon  close  examination  of  Figure  4.1.  Although  this  is 
a tedious  and  time-consuming  technique,  it  has  proved  quite  useful;  the 
bulk  of  the  measurements  in  this  report  were  made  with  the  indentation 
technique. 

4.  2.  2.  Foil  strain  gages 

The  difficulty  with  foil  gages  for  measurements  near  the  hole  is 
simply  their  size.  Post-yield  foil  gages  for  large  strain  and  contact  ad- 
hesive give  accurate  readings  of  the  plastic  strain.  Foil  gages  with  gage 
lengths  of  0.015  inch  (0.38mm)  are  available  in  the  post- yield  alloy.  But 
it  is  difficult  to  attach  the  gages  with  their  centerlines  closer  than  0.5mm 
from  the  edge  of  the  hole.  There  is  some  error  associated  with  the  gage 
length,  but  the  variation  of  strain  is  smooth  enough  that  it  is  not  too  severe. 

Apart  from  their  size  limitations,  foil  gages  are  excellent  strain 
measuring  devices.  Other  researchers  [5,6,7]  have  used  foil  gages  to 
measure  the  strain  near  interference-fit  fasteners  and  have  been  satisfied 
with  the  measurements.  However,  one  report  [7]  questions  the  accuracy 
of  data  obtained  n..  ar  a fastener  with  short  gage-length  strain  gages.  Ex- 
cept for  some  casas  where  a gage  was  obviously  damaged,  no  similar  prob- 
lems were  encountered  in  this  work.  All  gages  were  purchased  from  Micro- 
Measurements,  Inc.,  and  their  M-Bond  200  adhesive  was  used. 

4.  2.  3.  Moir£  techniques 

The  moir£  method  is  an  excellent  one  for  obtaining  full-field  strain 
measurements.  It  was  used  successfully  on  this  coldworked  hole  problem 
by  Adler  and  Dupree.  The  fine  work  ol  Professor  Liu  and  others  (see  for 
example  reference  8)  demonstrates  that  the  moir£  method  can  be  used  to 
measure  large  strains  with  sharp  gradients  on  metal  specimens. 

Full  field  strain  measurements  were  made  on  several  specimens 
by  the  moir£  technique,  but  the  bulk  of  the  data  presented  in  section  5 was 
obtained  by  the  indentation  technique.  Reduction  of  the  moir£  data  is  fairly 
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laborious.  It  turns  out  that  if  one  counts  the  total  time  for  specimen  pre- 
paration and  data  reduction,  one  can  probably  obtain  radial  and  tangential 
strains  along  four  radial  lines  as  quickly  by  the  indentation  procedure.  The 
moir£  technique  is  amenable  to  automation  if  sufficiently  good  fringe  pat- 
terns can  be  obtained. 

The  moir£  strain  measurements  were  made  with  a 1000  line  per 
inch  (40  lines  per  mm)  grille  which  permits  strain  measurement  in  one 
direction  only.  A master  grille  was  purchased  from  Photolastic,  Inc., 
and  submasters  were  printed  on  Kodak  HRP  film  plates  by  placing  the 
master  in  contact  with  the  plate  and  exposing  it  to  a ZOO  watt  mercury  arc 
lamp  filtered  by  a Kodak  No.  74  filter  for  Z5  seconds.  The  surface  of  the 
2.5  Inch  (6.4mm)  by  3 inch  (7.6mm)  specimen  with  a hole  in  the  center  was 
polished  with  0.3  micron  alumina  and  then  coated  by  spraying  AZ  1350B 
photoresist  onto  the  surface  with  an  airbrush.  A submaster  was  placed  in 
contact  with  the  specimen  and  exposed  with  the  mercury  arc  lamp. 

The  double-exposure  moir£  technique  was  used.  First  the  speci- 
men was  mounted  in  a holder  on  an  optical  bench  and  a photograph  taken 
with  a high  resolution  camera  at  1:1  magnification  on  Kodak  HRP  film. 

The  specimen  was  removed,  mandrelized,  replaced  in  its  holder,  and 
photographed  again.  This  generates  the  moir£  fringes,  as  shown  in  Fig- 
ure 4.3a.  This  is  not  sensitive  enough  for  accurate  strain  measurement, 
but  the  sensitivity  can  be  improved  by  Fourier  processing.  Photos  of  the 
second  and  fourth  orders  are  given  in  Figures  4.3b  and  c.  The 
fourth  order  has  four  times  as  many  fringes.  Data  was  reduced  by  mea- 
suring the  location  of  the  fringes,  plotting  the  displacement  curves,  and 
then  graphically  differentiating.  The  photographs  in  Figure  4.3  show  some 
asymmetry  around  the  hole,  but  when  strain  is  computed,  the  strain  curves 
are  nearly  symmetric.  The  results  of  a whole-field  moir£  measurement 
are  presented  in  section  5. 

After  the  technique  was  developed,  it  was  impossible  to  make  strain 
measurements  closer  than  0.3mm  to  the  hole  edge  with  any  confidence.  Ad- 
ler and  Dupree  [3]  show  measurements  as  close  as  0.2mm  on  one  figure, 
but  no  closer  than  0.4  mm  on  another.  It  is  difficult  to  get  measurements 
very  close  to  the  hole  with  the  moir£  technique. 

Several  attempts  were  made  to  use  commercially  available  strippa- 
ble  moir£  grids  which  can  be  glued  to  the  specimen.  It  was  impossible  to 
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(a)  First  Order 


(b)  Second  Order 


(c)  Fourth  Order 


Figure  4.3  Moire  fringe  pattern  photographs  of  the  residual  strain 
field  around  the  coldworked  hole. 


get  a large  percentage  of  the  grid  to  bond  to  the  specimen;  even  a grid 
applied  by  the  manufacturer  was  unsatisfactory. 

4.3.  Other  Techniques 

The  interferometric  strain  measurement  technique  in  which  laser 
interferometry  is  used  to  measure  the  relative  displacement  of  a pair  of 
ruled  grooves  was  tried.  The  approach  was  to  photograph  the  interference 
fringes  before  and  after  coldworking;  comparison  between  the  two  patterns 
would  produce  strain  data  in  the  same  manner  it  generated  displacement 
data  in  an  earlier  investigation  [9].  But  the  strain  near  the  hole  is  so  large 
that  the  sides  of  the  ruled  groove  become  deformed  and  the  reflected  laser 
beams  from  the  two  grooves  no  longer  generate  smooth,  measurable  fringes. 

Speckle  photography  is  a new  technique  for  measuring  surface  dis- 
placements and  thus  strain.  Two  applications  of  this  technique  to  interfer- 
ence fit  problems  [10,7]  have  measured  displacement  as  close  as  1.5mm 
and  2.5  mm,  respectively,  to  the  edge  of  the  fastener.  The  problem  was 
not  that  the  fastener  obscured  the  pattern,  but  that  the  large  deformation 
destroyed  the  coherence  of  the  pattern  (essentially  the  same  difficulty  as 
beset  the  laser  interferometry  technique).  A procedure  of  making  incre- 
mental displacement  measurements  has  been  developed  [7]  and  will  likely 
resolve  this  problem. 

Photoelastic  coatings  are  a well-established  technique,  but  a prob- 
lem exists  in  using  them  in  regions  of  high  gradient  [ 1 1 , 12].  A Boeing  in- 
vestigation [ 1 3 ] used  photoelastic  coatings  to  visualize  the  deformation 
around  holes,  but  no  quantitative  data  is  presented.  Another  report  on 
interference-fit  fasteners  [6]  attempted  to  use  them,  but  found  them  unsat- 
isfactory. Photoelastic  coatings  may  be  of  value  for  measuring  strains 
away  from  the  hole. 

5.  RESIDUAL  STRAIN  MEASUREMENTS 

In  this  section  the  results  of  residual  strains  generated  by  coldwork- 
ing are  reported.  Strains  were  measured  by  the  indentation  procedure, 
moir£  techniques,  and  foil  gages.  In  addition,  some  data  on  surface  ver- 
tical displacement  are  presented.  Three  thicknesses  of  specimens,  l/4 
inch  (6.4mm),  l/8  inch  (3.2mm),  and  l/l6  inch  (1.6mm),  were  tested. 

All  specimens  were  coldworked  as  described  in  the  previous  section. 


W 


5.  1.  l/4  Inch  Thick  Specimen  Data 

Residual  radial  and  tangential  strains  measured  by  the  indentation 
procedure  are  plotted  in  Figure  5.1  for  the  front  surface  (opposite  the  lip 
of  the  sleeve)  of  two  l/4  inch  specimens,  A and  1.  Specimen  A was  a 2.5 
inch  (6.4cm)  by  3 inch  (7.6  cm)  coupon,  while  specimen  1 was  an  18  inch 
(46  cm)  long  tension  specimen  that  was  later  used  for  loading  studies.  The 
average  residual  diametral  expansion  of  specimen  A was  0.0104  inches 
(0.264mm)  (see  Table  3.3),  while  that  of  specimen  1 was  0.0102  inches 
(0.259  mm).  The  size  of  the  standard  deviations,  at  least  for  the  larger 
strains,  show  that  there  is  a great  deal  of  variability  in  the  results.  The 
standard  deviation  in  Figure  5.1  and  subsequent  figures  is  computed  using 
the  strain  values  measured  along  radial  lines.  In  Figure  5.1,  one  speci- 
men with  four  radial  lines  and  one  with  two  radial  lines  were  used,  so  the 
standard  deviations  are  based  on  six  measurements.  This  scatter  is  much 
larger  than  the  uncertainty  associated  with  the  measurement  technique.  In 
fact,  at  positions  4mm  or  greater  from  the  hole  edge  where  the  residua) 
strains  are  nearly  elastic,  the  scatter  is  on  the  order  of  the  uncertainty  of 
measurement.  It  is  not  obvious  from  Figure  5.1,  but  the  raw  data  show 
that  there  is  no  trend  with  radial  direction  or  from  specimen  to  specimen. 

In  other  words,  the  coldworking  process  produces  radially  symmetric  re- 
sidual strain  fields  that  are  reproducible  from  specimen  to  specimen. 

Figure  5.2  compares  the  strains  measured  on  the  front  and  back  of 
specimen  A.  The  standard  deviation  bars  are  omitted,  but  they  are  very 
similar  in  magnitude  to  those  in  Figure  5.1.  This  shows  a definite  differ- 
ence between  front  and  back,  particularly  for  the  radial  strain  on  the  back 
near  the  hole  edge.  One  must  remember  that  the  lip  of  the  sleeve  extended 
approximately  1mm  from  the  edge  of  the  hole  and  thus  constrained  defor- 
mation close  to  the  hole.  Indeed,  one  can  discriminate  between  the  front 
and  back  of  the  specimen  with  the  naked  eye  because  the  front  has  a sharp 
lip  near  the  hole  (see  Figure  4.1a),  while  the  back  is  more  rounded  near 
the  hole.  This  difference  between  front  and  back  is  evidence  of  the  compli- 
cated loading  associated  with  pulling  the  mandrel  and  then  the  sleeve  through 
the  hole.  That  loading  is  clearly  not  a radial  displacement  or  radial  pres- 
sure that  is  uniform  through  the  thickness  of  the  specimen.  Figure  5.2  in- 
dicates that  there  is  some  bending  of  the  specimen  in  the  plastic  region. 

The  difference  between  front  and  back  deformation  is  clearly  pointed 
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Figure  5.1  Average  residual  strain  measurements  on  the  front  side  of 
1/4  inch  (6.4  mm)  specimens.  Strain  was  measured  on  two 
specimens  (A  and  1)  along  6 radial  lines. 
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Figure  5.2  Average  residual  strain  measurements  on  the  front  and 

back  of  specimen  A.  Strain  was  measured  along  4 radial 
lines • 


out  in  Figure  5.3,  which  is  a plot  of  the  surface  displacements  on  both 
sides  of  specimen  A.  These  measurements  were  made  by  focusing  a 400X 
microscope  on  the  specimen  surface  and  measuring  the  displacement  of 
the  microscope  head  as  it  was  refocused  on  various  positions  on  the  spec- 
imen. On  the  front  of  the  specimen,  the  displacements  are  nearly  identi- 
cal when  measured  along  two  radial  lines  180°  apart.  The  back  surface 
displacements  are  not  identical  and  show  a flattening  of  the  curve  near  the 
hole  edge  caused  by  the  constraining  sleeve  lip. 

Figure  5.4  shows  an  interesting  comparison  between  the  radial 
strains  on  the  front  of  specimen  A at  various  stages  of  the  coidworking 
process.  With  ideal  loading,  one  would  expect  the  strains  to  decrease 
from  the  "mandrel  in"  to  the  "mandrel  out"  to  the  "sleeve  out"  condition. 
The  opposite  is  observed  in  Figure  5.4.  The  tangential  strains  (not  plotted) 
decreased  from  "mandrel  in"  to  "mandrel  out,"  but  increased  to  their  high- 
est value  after  the  sleeve  was  removed.  The  "mandrel  in"  condition  is  not 
very  satisfactory  because  the  portion  of  the  mandrel  that  is  a uniform  0.257 
inches  (6.53mm)  diameter  is  not  quite  l/4  inch  (6.4mm)  long,  so  the  whole 
thickness  is  not  subjected  to  a uniform  expansion  at  any  time.  In  the  "man- 
drel in"  position,  the  end  of  the  mandrel  extends  approximately  l/32  inch 
(0.8mm)  above  the  specimen.  The  process  of  pulling  the  sleeve  out,  even 
though  it  took  only  about  one- fourth  of  the  force  required  to  pull  the  man- 
drel through,  contributes  significantly  to  the  deformation  in  the  specimen. 
This  data  emphasizes  the  fact  that  the  coldworking  process  is  not  a uniform 
radial  displacement. 

Strains  were  measured  with  foil  gages  during  the  coldworking  pro- 
cess. Two  post-yield  foil  gages  with  gage  length  0.031  inches  (0.78mm) 
were  attached  at  radial  positions  of  5 mm  from  the  hole  edge  on  a tensile 
specimen.  One  gage  measured  strain  in  the  radial  direction  and  one  in  the 
tangential  direction.  The  strains  as  a function  of  load  applied  to  the  man- 
drel are  both  plotted  in  Figure  5.5.  As  will  be  seen  in  the  section  discuss- 
ing the  various  theories,  when  the  material  is  elastic  in  a radially  loaded 
infinite  sheet,  the  tangential  and  radial  strains  are  equal  in  magnitude. 
Furthermore,  the  strain  at  yield  for  this  material  is  0.59  percent  (using 
the  Mises-Hencky  yield  criterion).  These  strain  measurements  show  that 
the  deformation  field  within  5 mm  from  the  hole  edge  is  radially  symmetric 
and  that  the  location  of  the  elastic-plastic  interface  is  at  approximately  5 mm. 
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Figure  5.5  Strain  measured  with  foil  gages  as  the  mandrel  was  pulled 
through  the  hole.  The  gages  were  located  5 mm  from  the 
edge  of  the  hole. 
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Note  also  that  removing  the  sleeve  has  no  residual  effect  on  the  strains 
this  far  from  the  hole. 

Measurements  of  strains  closer  to  the  hole  with  foil  gages  were 
more  difficult  because  of  the  large  plastic  strain  and  large  strain  gradi- 
ents. Measurements  of  radial  and  tangetial  strain  approximately  0.5mm 
from  the  hole  edge  were  made  on  different  specimens  and  are  shown  in 
Figures  5.6  and  5.7.  The  complicated  behavior  as  the  mandrel  is  pulled 
through  the  sleeve  is  illustrated  here.  Also,  the  additional  residual  strain 
associated  with  sleeve  removal  is  shown;  this  increase  in  strain  reinforces 
the  indentation  measurements  of  Figure  5.4.  In  considering  this  data,  one 
must  bear  ir  mind  that  these  strains  are  measured  on  the  surface  and  that 
the  strains  associated  with  expansion  vary  as  the  mandrel  is  pulled  through 
the  specimen. 

Figure  5.8  shows  the  radial  and  tangential  residual  strain  measured 
by  the  moir£  technique  as  a function  of  distance  from  the  hole.  The  strains 
here  are  not  as  large  as  those  in  Figure  5.1  because  the  original  hole  di- 
ameter was  slightly  larger  and  the  residual  diametral  expansion  was  only 
0.0069  inches  (0.175mm)  compared  to  0.0102  inches  (0.264  mm).  In  actual 
practice,  one  cannot  make  measurements  right  up  to  the  edge  of  the  hole 
because  of  lack  of  resolution  of  the  fringes;  the  radial  strain  was  measured 
only  to  within  l/2mm  in  Figure  5.8.  One  problem  with  the  moir£  technique 
was  that  the  printed  grid  tended  to  crack  for  a distance  about  1mm  from 
the  edge  of  the  hole  and  this  caused  lack  of  definition  there.  This  problem 
could  presumably  be  removed  by  curing  the  coating  at  an  elevated  temper- 
ature before  coldworking.  To  assure  that  the  moir£  technique  was  giving 
the  correct  results,  strain  was  measured  on  the  specimen  of  Figure  5.8  by 
the  indentation  procedure.  The  indentations  were  applied,  the  grid  printed, 
moir£  measurements  made,  and  then  the  grid  dissolved  off  the  specimen 
and  final  strain  measurements  made.  The  agreement  between  the  strains 
is  excellent,  as  shown  in  Figure  5.8. 

Of  course,  one  of  the  great  advantages  of  the  moir£  technique  is 

that  it  produces  whole-field  strains.  A whole-field  strain  measurement 

(for  one  quadrant)  is  shown  in  Figure  5.9.  This  gives  the  strain  in  terms 

of  e and  e instead  of  the  e and  fn  that  is  more  conveniently  used  for 
x y r 9 7 

theoretical  analysis.  The  predicted  strain  field  of  Adler-Dupree  [3]  is 
also  plotted  in  Figure  5.9.  They  predicted  a residual  diametral  expansion 
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Residual  strains  measured  by  the  moire' technique  for  the 
1/4  inch  (6.4  mm)  specimen  LL.  Diametral  expansion  of 
the  originally  0.261  inch  (7.63  mm)  hole  was  only  0.0069 
inches  (0.175  mm). 


Figure  5.9  Whole-field  moire /measurement  of  the  residual  strain  of 

specimen  LL  compared  with  predictions  of  Adler-Dupree  (3). 


of  0.008  inches  (6.2mm),  so  the  experiment  and  theory  are  not  exactly  the 
same  (0.0069  inches  versus  0.008  inches  expansion),  but  the  strains  agree 
reasonably  well. 

5.2.  1 /8  Inch  Thick  Specimen  Data 

Residual  strain  measurements  (4  on  one  and  2 on  the  other) 
by  the  indentation  method  from  two  rectangular  specimens  are  plotted  in 
Figure  5.10.  The  specimen  holes  were  originally  0.2601  inches  (6.61  mm) 
and  0.2604  inches  (6.61  mm)  in  diameter  and  were  subjected  to  the  standard 
coldworking  procedures.  The  sleeves  were  cut  off  so  that  they  were  the 
same  length  as  the  specimen  thickness.  The  residual  hole  expansions  were 
quite  different  as  measured  on  the  front  and  back  sides.  One  specimen  had 
a residual  displacement  of  0.0048  inches  (0.12mm)  on  the  front  and  0.0093 
inches  (0.24mm)  on  the  back;  the  other  was  0.0064  inches  (0.16mm)  on  the 
front  and  0.0098  inches  (0.25mm)  on  the  back. 

The  striking  feature  of  Figure  5.10  is  the  fact  that  the  average 
strain  does  not  continue  to  increase  near  the  edge  of  the  hole.  This  is  not 
a result  of  large  scatter  in  the  data;  no  radial  strain  larger  than  4.3  per- 
cent was  measured.  Figure  5.11  is  a photograph  of  the  area  near  the  hole 
edge,  and  one  can  see  the  rounding  of  the  specimen  surface  near  the  hole; 
compare  this  with  Figure  4.1.  A further  illustration  of  this  behavior  is 
given  in  Figure  5.12,  which  compares  the  average  strains  on  the  front  and 
back  of  the  two  specimens.  This  is  similar  to  the  l/4  inch  specimen  data 
in  that  the  strains  on  the  back  are  greater  than  on  the  front  at  distances 
greater  than  1mm  away  from  the  edge,  but  different  in  that  the  radial 
strains  on  the  back  are  larger  near  the  hole.  The  lip  of  the  sleeve  leaves 
a very  faint  impression  on  the  specimen  surface,  so  it  is  easy  to  be  sure 
that  the  sides  of  the  specimen  were  not  mislabeled. 

Vertical  displacements  on  the  front  and  back  of  one  of  the  l/8  inch 
specimens  are  plotted  in  Figure  5.13.  The  fact  that  the  residual  deforma- 
tions are  so  much  larger  on  the  back  than  on  the  front  is  consistent  with 
these  strain  and  displacement  results.  The  interaction  between  the  man- 
drel, sleeve,  and  specimen  that  generated  such  a variation  in  residual 
strain  through  the  thickness  is  not  at  all  clear.  This  combination  of  hole 
size,  sleeve  thickness,  and  mandrel  taper  is  obviously  not  optimal  for 
this  thicknes s. 


iverage  residual  strain  measurements  on  the  front  side 
>f  1/8  inch  (3.2  mm)  specimens.  Strain  was  measured  on 
:wo  specimens  along  8 radial  lines. 
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Residual  strain  measurements  on  coldworked  l/l6  inch  (1  6mm) 
thick  rectangular  specimens  (two  specimens- -six  measurements)  are  plot- 
ted in  Figure  5.14.  The  original  hole  diameter  in  these  was  slightly  over- 
size, being  0.2613  inches  (6.64mm).  The  residual  diametral  expansions 
were  0.0085  inches  (0.22mm)  and  0.0070  inches  (0.18mm).  There  was  no 
significant  difference  between  the  residual  expansion  on  the  front  versus 
the  back.  Here  the  radial  strains  continue  to  increase  near  the  hole  euge, 
although  there  is  exceptionally  large  scatter  in  the  data  there. 

Figure  5.15  is  a photograph  of  a coldworked  l/l6  inch  specimen 
after  the  sleeve  has  been  removed.  All  of  the  specimens  of  this  thickness 
tended  to  buckle  in  a region  of  about  2 mm  around  the  hole.  The  specimen 
is  too  thin  to  deform  in  the  plane  without  buckling  out  of  the  plane. 

Figure  5.16  compares  the  front  and  back  average  residual  strain 
for  one  specimen;  as  should  be  expected,  there  is  less  difference  between 
them.  The  surface  displacements  for  such  a thin  specimen  are  really  too 
small  to  measure  reliably  with  the  microscope. 


5. 4.  Discussion 

As  to  the  techniques  used  to  measure  the  strain,  the  indentation 
procedure,  though  tedious,  is  accurate  and  workable.  Useful  data  can  be 
obtained  close  to  the  hole  edge  that  is  not  obtainable  via  other  methods. 

Foil  gages  work  very  nicely  even  at  these  large  strains  and  gradients  and 
give  an  accurate  measure  of  the  average  strain  within  the  gage  length.  The 
moir£  method  is  useful  for  obtaining  whole  field  data.  These  three  tech- 
niques have  been  shown  to  be  consistent  with  each  other. 

The  experimental  results  show  that  the  deformation  is  radially  sym- 
metric and  reproducible  from  specimen  to  specimen.  This  means  that  the 
coldworking  process  is  controllable  enough  that  it  can  be  predicted  by  ap- 
plication of  the  principles  of  solid  mechanics.  However,  the  deformation 
near  the  hole  is  not  uniform  through  the  specimen  thickness,  so  the  analy- 
sis problem  is  complicated.  It  would  be  difficult  to  reduce  the  complicated 
coldworking  procedure  to  easily- specified  boundary  conditions  at  the  edge 
of  the  hole,  and  this  makes  a realistic  analysis  even  more  formidable.  The 
inhomogeneity  of  the  strains  near  the  hole  edge  (because  of  the  large  defor- 
mation of  the  relatively  large  grains)  require  that  strains  be  averaged  over 
a number  of  positions. 
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Figure  5.14  Average  residual  strain  measurements  01 
of  1/16  inch  (1.6  mm)  specimens.  Stra. 
two  specimens  along  6 radial  lines. 
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The  1/4  inch  (6.4mm)  specimens  showed  the  strains  on  the  upper 
free  surface  to  increase  monotonically  from  the  elastic  region  to  the  edge 
of  the  hole.  This  is  what  one  would  expect  from  the  theoretical  analyses, 
so  from  that  point  of  view  the  l/4  inch  (6.4mm)  specimens  are  most  suit- 
able for  comparison  with  theories.  But  that  data  shows  considerable  dif- 
ference between  the  strains  on  the  upper  and  lower  surfaces,  indicating 
that  the  strain  varies  through  the  thickness.  On  the  other  hand,  the  1 /8 
inch  (3.2mm)  and  l/l6  inch  (1.6mm)  specimens  show  unexpected  strains 
near  the  hole  or  buckling  of  the  specimens,  so  they  are  not  completely  sat- 
isfactory either.  Thus  it  is  difficult  to  say  which  thickness  best  matches 
the  plane  stress  assumptions  of  the  theories.  This  coldworking  process 
is  simply  not  one  that  is  easily  modeled  accurately. 


6.  THEORIES  OF  RESIDUAL  STRAINS 
6.1.  Introduction 

The  geometrical  shape  under  experimental  and  theoretical  consid- 
eration is  a flat  circular  sheet  of  radius  "b"  with  a circular  hole  of  radius 
"a"  in  the  center  (see  Figure  6.1).  Many  of  the  theories  that  have  been 
developed  assume  "b"  to  be  infinitely  large,  but  all  of  them  assume  that 
the  thickness  of  the  sheet  is  sufficiently  small  relative  to  the  dimension 
"b"  that  a condition  of  plane  stress  exists.  Deformation  of  the  sheet  is 

caused  by  either  a uniform  positive  radial  displacement,  u , or  a uniform 

d- 

negative  pressure,  -p,  at  r = a. 

The  problem  is  symmetric  about  the  z axis  because  of  the  radial 
loading,  so  the  strains  are  given  by 


e = 
r 


9u 

9r 


u 

e9  ' r 


(6.  1) 


where  u is  the  radial  displacement  of  the  material.  The  equilibrium  equa- 
tion, which  must  hold  for  either  elastic  or  plastic  stresses,  is: 


do- 
r 

dr 


9 


= 0 . 


(6.2) 


For  a radial  displacement,  u , small  enough  that  the  material  re- 

3- 

mains  elastic  everywhere,  the  stresses,  strains,  and  displacements  are 
given  by  (14): 
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(6.3) 


E u 


A = 


1 + 


+ (1  - v)  A 


where  E and  y are  the  modulus  of  elasticity  and  Poisson's  ratio.  The 


boundary  conditions  here  are  that  u=u  at  r = a and  a =0  at  r=b. 

a r 

The  Mises-Hencky  yield  criterion  becomes: 


2 ^ 2 

<y  + <r.  cr  crn 
r 0 r 0 


(6.4) 


where  ctq  is  the  yield  stress  from  the  uniaxial  stress- strain  curve.  The- 
ories using  an  elastic-plastic  stress- strain  curve  will  take  <r  as  the  0.2 

o 

percent  offset  yield  strength,  whereas  those  that  use  the  actual  stress- 
strain  curve  take  <rQ  to  be  the  proportional  limit. 

The  largest  radial  displacement  that  can  be  applied  to  the  hole 
without  causing  plastic  deformation  is: 


u 


aE 


r-4  + -y 1/2 


♦j 


1 + v , (1  - !/)a 


(6.  5) 


Once  uaE  (or  its  equivalent  pressure,  p£)  is  exceeded,  the  mate- 
rial in  the  neighborhood  of  "a"  becomes  plastically  deformed  and  the  solu- 
tion of  the  problem  is  no  longer  easy.  Denote  the  interface  between  the 


elastic  region  and  the  plastic  region  by  r 


As  u increases,  r increases: 
P a p 

i.  e.,  the  elastic-plastic  boundary  moves  out  into  the  material.  The  prob- 


lem in  the  plastic  region  to  be  solved  is  now  one  in  which  u = u at  r = a 


(or  it ^ — - p at  r-a)  and  the  stresses,  strains,  and  displacements  match 


the  elastic  ones  at  r = r 


If  r is  known,  these  elastic  stresses,  etc., 

P 99 


are  easily  calculated  because  it  is  known  that,  if  b-*-co,  a 


therefore  from  equation  (6) 


-a  , and 
o 
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(6.  6) 


In  the  elastic  region,  r 2:  r^: 


<r  r . cr  r x 

r / 6 \ r / 


(6.  7) 
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o-  (1  + v)  r 
o 


E<sT3 


(6.  9) 


* 


The  problem  in  plasticity  theory  is  then  to  find  the  stresses,  etc., 
subject  to  the  known  boundary  conditions  at  r = a and  r=  r^.  An  impor- 
tant part  of  the  problem  is  the  determination  of  the  relation  between  load- 
ing and  Tp.  Various  theories  have  been  developed  to  predict  these  quan- 
tities, and  they  fall  into  three  classes:  analytical,  numerical,  and  finite- 
element.  The  analytical  theories  produce  closed- form  equations  based  on 
either  an  elastic-perfectly- plastic  stress- strain  curve  or  a two-parameter 
plastic  stress- strain  curve.  The  numerical  ones  develop  the  solution  in 
terms  of  incremental  rings  between  a and  b corresponding  to  increments 
on  the  plastic  stress- strain  curve.  The  one  finite  element  solution  uses 
an  elastic-plastic  computer  code. 

Once  the  hole  has  been  expanded  to  the  prescribed  conditions,  the 
loading  is  removed  at  r = a.  This  generates,  because  of  the  elastic  relax- 
ation of  material  outside  (and  inside)  r , residual  stresses.  The  analyt- 

P 

ical  and  numerical  theories  (except  for  (23))  represent  this  unloading  by 
superposing  an  elastic  stress  field: 


a = <r 
r m 


(7)  - 


(6.  10) 


where  is  the  magnitude  of  the  radial  stress  generated  at  r = a by  the 

loading  process.  This  guarantees  that  o"r  = 0 at  r = a after  unloading. 

Various  theories  are  discussed  in  the  following  sections  and 
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compared  in  the  concluding  section.  In  each  case  the  residual  stresses 
and  strains  for  7075- Tb  aluminum  subjected  to: 

uq  = 0.006  inches  (0.15mm)  at  a = 0.13  inches  (3.3  mm) 
are  calculated.  The  stress- strain  data  is  taken  from  Adler-Dupree  [3] 
and  is  given  in  Table  1. 


TABLE  1 

Stress-Strain  Data  for  7075-T6  from  [3] 

Elastic-  Pla  stic 

or  = 9.8  x 10^  psi  e = 67.5  x 103  MPa  e for  e £ 0.0080 
o'  = 78.2  ksi  = 5.38  MPa  for  e 2 0.0080 

Bilinear 

o-  = 9.8  x 106  e = 67.5  x 103  MPa  e for  e £ 0.0080 
o'  = 78.2  ksi  + 195  ksi  (e  - 0.0080) 

= 5.38  MPa  + 1,340  MPa  (e  - 0.0080)  for  e * 0.0080 

Actual  Data 


Strain 

Stres  s 

0 

0 

0. 0075 

73.  5 ksi 

506  MPa 

0. 0077 

75.  1 ksi 

517  MPa 

0.  0082 

76.  7 ksi 

528  MPa 

0. 0090 

77.  9 ksi 

537  MPa 

0.  0100 

78.  4 ksi 

540  MPa 

cr  = 

78.4  ksi  +195  ksi  (e 

- 0.01) 

= 540  MPa  + 1340  MPa  (e  - 0.01) 


■ 


for  e 2 0.01 


6.  2.  Nadai  Theory 

Nadai  [4]  in  1943  published  a theory  of  plastic  expansion  of  tubes 
fitted  into  boilers.  The  plate  of  the  boiler  has  a tube  fitted  into  it  and  in 
the  manufacturing  process  these  tubes  were  expanded  by  a roller  device 
to  insure  a leak- free  fit.  He  considered  both  the  plastic  deformation  in 
the  steel  plate  and  the  plastic  deformation  of  the  copper  alloy  tubes.  First, 
he  solved  the  plate  problem,  which  is  the  one  of  interest  here.  His  assump- 
tions were: 

1)  uniform  pressure  at  the  edge  of  the  hole  in  the  plate; 

2)  a linear  approximation  to  the  Mises-IIencky  yield  criterion; 

3)  perfectly  plastic  material  response. 

In  the  plastic  zone  he  develops  the  following  equations: 


<r 

r 


<7 


-=  (-1  + 2 In  f-) 
\f3  rP 


O’ 
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-2-(l  + 2 In 


aE  r 


(6.  11) 


(6.  12) 


The  elastic  strains  and  displacements  are  neglected  in  developing  equation 

(6.  12). 

The  residual  stresses  and  strains  after  relaxation  are  plotted  in 
Figures  6.2  and  6.3.  For  the  test  case  computed,  the  theory  predicts 
Tp=  2.11a.  He  also  developed  the  theory  for  the  stresses  in  a tube  with  a 
general  stress- strain  curve.  This  complete  theory  could  be  applied  to 
coldworking  procedures  in  which  the  sleeve  remains  in  the  hole.  Nadai 
formulated  the  problem  in  terms  of  the  Mises-Hencky  criterion,  but  he 
linearized  this  criterion  to  obtain  a closed-form  solution. 


6.3.  Taylor  Theory 

G.  1.  Taylor  [15]  in  1948  published  a theory  of  the  expansion  of  a 
hole  in  a thin  plastic  sheet.  He  used  a perfectly  plastic  material,  devel- 
oped the  same  expression  for  stresses  as  Nadai,  and  computed  the  thick- 
ness change.  He  compared  the  predicted  variation  of  thickness  with  r 
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with  experiments  in  which  he  slowly  forced  a rotating  mandrel  of  very 

small  taper  into  a hole  in  a thin  lead  sheet.  The  agreement  was  excellent. 

His  stresses  and  strains  would  be  the  same  as  Nadai's  in  Figures  6.2  and 

6.3  for  the  test  cases  if  the  same  value  of  r^  was  used.  Taylor  did  not 

give  an  explicit  relation  between  r and  u . 

pa 

6.4.  Swainger  Theory 

In  1945  Swainger  [ 1 6 ] published  a theory  of  plasticity  and  calculated 
the  stresses  and  residual  stresses  around  an  expanded  hole  to  illustrate  its 
usefulness.  He  founded  his  the-. ry  on  certain  observations  of  plastic  behav- 
ior that  are  well-known  today  and  treated  the  material  as  having  a bilinear 
stress- strain  curve  with  elastic  slope  E and  plastic  slope  P.  Under  three- 
dimensional  loading,  the  material  was  assumed  to  yield  according  to  the 

Mises-Hencky  theory  at  stresses  <r  , a , a . The  relation  between  to- 

ox  oy  oz 

tal  strain  ex  (for  example)  and  the  applied  stresses  < r^,  cr^,  c r is: 

e = ^ [cr  - p(or  + a-  ) - a + p(a  + cr  )1  + 
x P x y z ox  c oy  oz  1 

(6.  13) 

pi  f(p  - q)(cr  + <r  ) + a - p(<r  + cr  )1  . 
r ^ L'r  'l''  y z'  ox  r'  Qy  oz  J 

Here,  p=  the  "plastic  Poisson's  ratio"  and  q = Poisson's  ratio. 

This  expression  is  really  no  different  from  that  of  Nadai  ([17],  page 
383),  which  reads: 

ex  = ‘g-  [^j  - P(*2  + cr3)J  + Ic  [ai  ‘ + <r3^  • (6-  14) 

s 

The  only  difference  is  in  the  definition  of  the  "plastic  modulus";  P is  the 
slope  of  the  curve  in  the  plastic  region,  and  Eg  is  the  stress  of  the  uniax- 
ial curve  divided  by  the  residual  plastic  strain. 

Of  course  Swainger' s theory  allowed  one  to  handle  materials  with 
stress- strain  curves  that  were  not  simply  bilinear  by  dividing  the  curve 
into  linear  increments.  He  illustrated  this  procedure  by  considering  the 
problem  in  "Yield  under  Plane  Stress  due  to  Pressure  in  a Circular  Hole 
in  a Large  Plate."  His  assumptions  were: 

1)  uniform  pressure  on  the  inside  of  the  hole; 

2)  Mises-Hencky  yield  criterion; 

3)  a stress- strain  curve  approximated  by  incremental  straight  line. 


First,  he  solved  the  problem  for  bilinear  stress- strain  behavior, 
producing  the  following  equations: 
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(A-  4)(-E^  + 2A  in  — + A -4 
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A = 2(1  + p)(l  -g). 

With  this  solution  in  hand,  he  considered  the  same  problem,  but 
for  a stress- strain  curve  of  general  curvature  as  is  observed  in  real  ma- 
terials. He  divided  the  region  inside  r^  into  annular  strips  whose  thick- 
ness must  be  determined.  He  expanded  the  stresses,  strains,  and  dis- 
placement in  terms  of  where 
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r 4 1 
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m 


m 


m = 0,  1,  2,  ... . 


(6.  16) 
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r^  corresponds  to  r , the  elastic-plastic  boundary,  and  one  moves  in- 
ward so  that  is  always  negative.  The  expressions  for  stresses  are: 

ar(m+l)  rrm^  ^m^  + ^m<r0m 


^©(m+l)  a0m^  ^m^  + ^m^rm  + 


DAS 
m m o 


■s/T 


(6.  17) 


Am  3(‘-  -#)' 


These  equations  are  assumed  to  adequately  represent  the  variation  in 
stresses  cr^  and  (Tq  across  an  incremental  ring  subjected  to  radial  load- 
ing. 
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To  solve  a problem  by  this  method,  one  chooses,  for  a given  mate- 
rial and  initial  hole  size,  a value  of  r^  and  follows  the  incremental  proce- 
dure back  to  the  initial  hole  diameter  "a"  to  find  out  what  pressure  and 
displacement  occurred  at  the  initial  hole  boundary.  This  is  an  inverse  of 
the  normally  stated  problem. 

The  parameter  is  not  assigned  arbitrarily;  the  uniaxial  stress- 

strain  curve  is  arbitrarily  divided  into  linear  portions  and  computed 

from  consideration  of  S and  S where 

m+s  m 


S<-  £- 

= <r  - <r  cr.  + <rQ 
m rm  rm  0m  0m 


This  calculation  gives: 
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rm  0m  rm  0m 


(6.  18) 


(6.  19) 


After  Dm  is  computed,  0‘r(rn+1)  and  (r0(m+1)  are  calr  late d and  the  dis- 
placement is  given  by: 


(6.  20) 


It  should  be  noted  that  equations  (6.17)  - (6.20)  as  printed  in  Swainger's 
paper  are  incorrect. 

The  residual  stresses  and  strains  are  plotted  in  Figures  6.4  and 
6.5  for  two  methods  of  calculation.  In  the  first  case,  the  material  behav- 
ior is  treated  as  bilinear.  In  the  second  case,  the  stress- strain  curve  is 
broken  into  linear  regions  and  equations  (6.17)-  (6.20)  used  to  compute  the 
solution  in  an  incremental  fashion.  There  is  little  difference  between  the 
bilinear  and  incremental  calculations  because  the  material  behaves  in  a 
nearly  bilinear  manner.  The  only  difference  between  the  two  arises  be- 
cause of  the  rounding  of  the  stress- strain  curve  in  the  neighborhood  of  the 
transition  from  the  elastic  to  plastic  state.  Note  that  this  theory  predicts 
Tp=  1.5a,  a considerably  smaller  value  than  predicted  by  Nadai. 
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6.  5.  Alexander-Ford  and  Mangasarian  Theories 

Alexander  and  Ford  [18]  and  Mangasarian  [19]  both  made  calcula- 
tions of  the  stresses  and  strains  in  the  plastic  region  in  which  they  ac- 
counted for  elastic  deformation  and  allowed  for  work- hardening.  The  solu- 
tions in  both  cases  were  generated  numerically.  Mangasarian  computed 
the  solution  by  both  the  deformation  theory  and  the  incremental  theory  of 
plasticity  and  found  little  difference  between  the  two  solutions. 


6.  6. 


Carter-Hanagud  Theory 
Carter  and  Hanagud  [20]  in  1974  performed  an  experimental  inves- 
tigation of  the  stress  corrosion  susceptibility  of  coldworked  holes.  Their 
point  was  that  the  residual  tensile  stresses  surrounding  the  hole  could  be 
above  the  threshold  value  for  stress  corrosion  cracking.  They  used  the 


same  theory  as  Taylor  [15],  but  generated  a relation  between  u_^  and  r . 


Their  assumptions  were: 

1)  radial  displacement  at  the  edge  of  the  hole; 

2)  Tresca  yield  condition; 

3)  elastic- plastic  material  response. 

Their  stresses  were  given  by  the  same  relations  as  Taylor's  (similar  to 
equation  (6.11)).  They  did  not  compute  strains,  but  generated  the  follow- 


ing relation  between  u and  r : 
6 a p 


{r  2 r ' 
(3  - v)  - 0- 2(1  -v)*tn{i?) 


(6.  21) 


The  elastic  deformation  is  included  in  developing  this  equation.  Their 


stresses  are  shown  in  Figure  6.2.  Note  that  they  predict  r^=  3.15a,  which 


is  larger  than  from  other  theories. 


6.7.  Adler- Dupree  Solution 

Adler  and  Dupree  [3]  performed  an  elastic- plastic  finite  element 
analysis  of  the  two-dimensional  stress  field  around  a coldworked  hole. 
They  assumed  plane  stress  and  accounted  for  plastic  behavior  of  the  ma- 
terial by  a Ramberg-Osgood  formulation  which  relates  the  equivalent  plas- 
tic strain  to  the  nth  power  of  the  equivalent  stress.  The  radially  symmetric 
finite  element  mesh  was  made  up  of  quadrilateral  elements  divided  into 
two  layers  with  two  triangular  elements  in  each  layer.  The  specific  problem 


■ -•  - v ../■  ......  . . .5  -1 


they  considered  was  a 0.006  inch  (0.15mm)  radial  expansion  of  a 0.260  inch 
(6.60mm)  hole  in  7075-T6  aluminum  and  then  removal  of  that  expansion  (the 
same  as  our  test  case).  This  models  the  coldworking  process  of  J.  O.  King, 
Inc.,  in  which  an  oversized  tapered  mandrel  is  pulled  completely  through  a 
hole.  The  closest  they  could  get  to  the  hole  edge  for  their  computation  was 
0.0i.5  inches  (0.64mm).  Two-dimensional  plots  of  stresses  and  strains  for 
the  expanded  hole,  the  relaxed  hole,  and  a hole  subjected  to  remote  uniaxial 
tension  are  given.  A typical  result  giving  the  variation  in  radial  strain,  e , 
and  tangential  strain,  Cq,  as  a function  of  distance  from  the  hole  edge  is 
presented  in  Figures  6.4  and  6.5. 

6.8.  Hsu-Forman  Theory 

The  Hsu-Forman  theory  [21]  of  1975  is  basically  the  Nad-i  theory 
extended  to  account  for  work- hardening.  The  material  behavioi  is  repre- 
sented by 


I o'  So- 


(6.  22) 


a 

6 ' E 


cr  > o- 


The  7075-T6  aluminum  is  adequately  represented  by  n=  15,  <r  = 78.2  ksi 
(539  MPa).  The  assumptions  are: 

1)  uniform  pressure  at  the  hole; 

2)  Mises-Hencky  yield  criterion; 

3)  Ramberg-Osgood  representation  of  stress- strain  curve. 

The  solution  is  developed  in  terms  of  a parameter  a which  varies 
between  90°  and  Q&.  a&  corresponds  to  a radial  expansion  u&  and  is  equal 
to  134  for  our  case.  The  stresses,  strains,  and  displacements  are  given 
in  terms  of  a.  There  are  a few  easily-  recognizible  typographical  errors 
in  their  paper.  For  the  0.006  inch  radial  expansion,  the  elastic- plastic 
boundary  is  found  at  rp  = 2.01a.  The  stresses  and  strains  are  plotted  in 
Figures  6.4  and  6.5. 

6.  9.  Potter-Ting-Grandt  Theory 

Potter  and  Ting  [22]  developed  a solution  to  the  general  problem, 
and  then  Potter  ana  Grandt  [23]  applied  this  solution  to  coldworked  holes 
with  an  eye  towards  making  it  useful  to  designers.  Their  assumptions  were: 


1)  uniform  radial  displacement  at  the  hole; 

2)  Mises-Hencky  yield  criterion; 

3)  elastic- plastic  material  response. 

Their  work  is  similar  to  the  earlier  work  of  Nadai  [4],  except  that 
they  d:d  not  use  a linearized  yield  criterion.  The  later  work  of  Hsu-Forman 
contains  their  solution  for  loading  as  a special  case.  However,  there  are 
three  important  differences  between  the  Potter-Grandt  theory  and  these 
other  two: 

1)  Potter-Grandt  computed  the  yielding  associated  with  unloading; 
they  did  not  simply  superpose  an  elastic  solution.  This  changes 
the  shape  of  the  residual  tangential  stress  curve  near  the  hole 
edge  (see  Figure  6.2). 

2)  The  geometry  they  considered  was  a finite  ring  of  outer  radius 


3)  Their  solution  is  not  presented  in  closed  form;  the  differential 
equation  is  solved  numerically. 

Nadai' s theory  (before  linearization  of  the  yield  condition)  shows 
that  there  is  a limiting  value  of  r^=  1.75a  corresponding  to  the  maximum 
allowable  pressure.  This  restriction  on  the  deformation  shows  up  in  the 
Potter-Grandt  theory  as  a limitation  on  the  allowable  radial  displacement. 
For  the  7075-T6  material,  this  maximum  radial  displacement  is  0.0053 
inches,  so  the  0.006  inch  radial  expansion  of  the  experiments  is  not  per- 
mitted. Stresses  and  strains  based  on  ua  = 0.0053  and  a yield  stress  of 
77.6  ksi  have  been  provided  by  Major  Potter  and  are  depicted  in  Figures 
6.2  and  6.3. 

6.  10.  Discussion 

The  theories  for  predicting  the  stresses  and  strains  around  a cold- 
worked  hole  fall  into  two  classes:  those  that  allow  workhardening  (F  ig- 
ures  6.4  and  6.5)  and  those  that  do  not  (Figures  6.2  and  6.3).  Within  each 
class  there  is  considerable  variability  as  to  the  predicted  response.  All 
of  the  theories  (except  the  finite- element  one)  considered  are  of  the  defor- 
mation, not  incremental,  type. 

In  the  nonworkhardening  theories,  Carter-Hanagud  account  for  the 
elastic  deformation  in  computing  their  relation  between  u&  and  r^.  This, 
plus  the  use  of  a different  yield  criterion  (Tresca  versus  linearized  Mises 


Hencky),  causes  their  residual  stresses  to  be  considerably  different  from 
Nadai's.  Potter-Ting-Grandt  use  still  a different  yield  criterion  (Mises- 
Hencky)  and  get  a much  smaller  value  of  r^.  Within  this  class,  the  choice 
of  yield  criterion  and  decision  whether  to  include  elastic  strain  make  a lot 
of  difference.  The  Potter-Ting-Grandt  theory  is  more  complete  because 
it  accounts  for  elastic  deformation,  uses  the  nonlinear  Mises-Hencky  cri- 
terion, and  computes  yielding  on  unloading. 

All  of  the  workhardening  theories  account  for  the  elastic  deforma- 
tion inside  r^.  The  assumptions  that  Swainger  makes  about  the  variation 
of  stresses  over  the  incremental  plastic  rings  predicts  results  consider- 
ably different  from  the  other  two  theories.  The  finite- element  computa- 
tion of  Adler-Dupree  suffers  from  an  inability  to  compute  (cheaply)  values 
near  the  hole  edge.  However,  it  does  compute  yielding  on  unloading.  The 
Hsu-Forman  theory  is  the  most  general  of  all  theories  developed;  further- 
more, it  is  presented  in  a workable  closed  form  that  makes  for  economical 
computation. 

In  all  of  these  theories,  plane  stress  and  small  deformations  are 
assumed.  The  strain  computed  at  the  hole  edge  are  on  the  order  of  0.1. 
This  is  certainly  large  enough  to  cause  significant  errors  in  these  defor- 
mation theories  (e  « 1 is  required  for  small  deformations).  Furthermore, 
the  large  deformations  near  the  hole  edge  raise  serious  questions  as  to 
whether  the  state  of  stress  remains  plane  there. 

The  assumption  of  elastic  unloading  is  not  correct;  the  residual 
stresses  violate  the  yield  criterion  near  the  hole  when  this  assumption  is 
used.  This  difference  may  be  significant,  because  in  the  Potter  et  al.  the- 
ory it  affects  the  residual  tangential  strain  for  approximately  0.5  mm  from 
the  hole  edge.  A complete  theory,  retaining  the  plane  stress  and  small 
strain  assumptions,  would  be  the  Hsu-Forman  theory  with  yielding  com- 
puted upon  unloading. 

As  to  experimental  verification  of  any  of  these  theories,  it  would 
be  very  difficult  to  match  the  boundary  conditions  at  the  expanding  hole. 
Taylor  did  do  this  by  pressing  a rotating,  slightly  tapered  mandrel  into  a 
very  soft,  thin  sheet,  but  that  is  far  removed  from  a practical  coldworking 
process.  Also,  the  higher  coldworking  levels  of  interest  are  really  at  the 
edge  of  or  beyond  the  limits  of  t .e  theories.  Nevertheless,  for  modeling 
practical  coldworking  operations,  theories  of  this  type  that  accurately  predict 
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the  stress  and  strain  are  needed.  The  next  section  compares  the  residual 
strains  predicted  by  these  theories  with  those  measured  on  specimens  sub- 
jected to  a particular  coldworking  process. 

7.  COMPARISON  OF  THEORIES  WITH  EXPERIMENTS 

The  experimental  data  used  for  comparison  in  this  section  is  the 
average  strain  between  the  front  and  the  back  of  the  specimens.  The  front 
and  back  strains  were  plotted  separately  in  section  5,  as  were  values  of 
standard  deviations  of  the  measurements.  Using  the  average  value  near 
the  hole  edge  must  be  done  with  care  since  the  nature  of  the  deformation 
is  so  different  on  the  front  versus  the  back.  The  average  value  is  more 
useful  for  positions  greater  than  1 mm  from  the  hole.  Although  it  is  al- 
ways desirable  to  have  more  data,  enough  has  been  obtained  to  describe 
the  residual  strain  field  with  confidence.  The  three  theories  used  for  com- 
parison are  those  from  section  6 that  come  closest  to  predicting  the  mea- 
sured residual  strain  field  for  the  particular  expansion  considered. 

Figures  7.1  and  7.2  compare  the  theories  and  experiments.  Com- 
parisons should  only  be  made  away  from  the  hole  edge.  The  Adler- Dupree 
computation  predicts  higher  radial  and  tangential  strains  than  the  other  two 
theories  (and  a larger  plastic  zone).  As  the  thickness  of  the  specimen  is 
reduced,  the  Adler-Dupree  solution  predicts  the  radial  residual  strain 
quite  well  for  distances  larger  than  2 mm  from  the  hole  edge.  This  leads 
to  two  observations:  the  l/4  inch  (6.4mm)  specimen  is  not  in  a condition 
of  plane  stress,  and  the  complicated  deformation  of  the  expanded  hole  looks 
like  a uniform  radial  expansion  if  one  moves  far  enough  away  from  the  hole. 
The  difference  in  the  Adler-Dupree  solution  from  the  other  two  is  the  inclu- 
sion of  yielding  in  the  unloading.  Note  how  close  together  the  Nadai  and  the 
Hsu-Forman  theories  are  in  spite  of  the  fact  that  Nadai's  theory  is  for  a 
perfectly  plastic  material. 

None  of  the  theories  agree  with  the  residual  tangential  strain  data. 
All  of  the  data  looks  more  or  less  the  same  away  from  the  hole;  there  is 
not  the  clear-cut  separation  of  the  l/4  inch  (6.4mm)  specimen  data  from 
the  other  two.  It  is  somewhat  disturbing  that  the  Adler-Dupree  tangential 
strau.  prediction  isn't  in  closer  agreement.  The  Adler-Dupree  results  are 
different  in  the  following  ways:  all  other  theories  and  all  experimental  re- 
sults show  the  residual  radial  strain  to  be  always  larger  than  or  equal  to 
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Figure  7.1  Comparison  of  average  residual  radial  strains  with  three 
theories. 
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the  tangential;  Adler  and  Dupree  show  the  opposite  for  distances  away  from 
the  hole.  This  can  be  readily  seen  by  comparing  residual  strains  in  their 
Figure  2.11  for  positions  greater  than  about  0.25  inches  along  the  axes.  If 
the  material  in  the  plastic  zone  is  incompressible,  their  result  means  that 
the  specimen  gets  thinner  away  from  the  hole.  Their  computation  for  "man- 
drel in,"  i.  e.,  the  strains  when  the  hole  edge  is  held  at  the  0.006  inch  (0.15 
mm)  shows  the  radial  strain  to  be  always  larger;  the  change  comes  upon 
unloading. 

At  this  level  of  expansion  the  residual  strains  away  from  the  hole 
are  not  very  sensitive  to  the  amount  of  deformation  at  the  hole.  This  is 
illustrated  for  radial  strains  by  the  experimental  results  of  Figure  7.3  and 
by  the  Hsu-Forman  theory  in  Figure  7.4.  If  one  attempts  to  use  strain  mea- 
surements away  from  the  hole  to  infer  the  strain  at  the  hole,  that  is  going 
to  be  difficult  for  large  amounts  of  coldworking. 

The  region  of  interest  is  of  course  near  or  at  the  hole  edge.  This 
is  where  the  stress  concentration  upon  loading  is  largest  and  where  the  re- 
sidual compressive  stress  in  the  tangential  direction  is  largest  (Potter  et 
al.  show  it  largest  slightly  away  from  the  hole).  Physically  this  deforma- 
tion is  very  nonhomogeneous  and  variable  through  the  specimen  thickness. 
Measurements  near  the  hole  edge  are  going  to  have  a lot  of  scatter.  The 
best  one  can  hope  to  do  theoretically  is  to  use  the  time-honored  assump- 
tions of  homogeneity  and  isotropy  to  predict  an  average  residual  strain  that 
agrees  quantitatively  with  the  average  measured  strain  near  the  hole  even 
though  it  varies  through  the  thickness. 

This  particular  coldworking  process  does  not  produce  the  uniform 
through- the-thickness  radial  expansion  that  the  theories  assume.  However, 
one  can  conclude  from  Figure  7.1  that  the  finite- element  technique  does  a 
fairly  good  job  of  predicting  the  residual  strain  (ignoring  the  tangential 
strain).  It  appears  that  the  modeling  of  this  coldworking  process  in  terms 
of  a uniform  radial  expansion  is  a reasonable  one.  If  the  Adler-Dupree 
computation  used  a finer  mesh  near  the  hole,  one  would  expect  even  better 
agreement  for  the  radial  strain. 

It  must  be  pointed  out  that  the  large  level  of  coldworking  used  is 
perhaps  an  unfair  comparison  for  the  theories.  Lower  levels  of  coldwork- 
ing with  the  attendant  smaller  deformations  would  give  the  theories  a bet- 
ter chance. 
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Figure  7.3  Residual  radial  strains  for  different  diametral  expan- 
sions of  a 0.260  inch  (6.6  mm)  hole  in  a 1/4  inch  (6.4  mm) 
plate . 
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Figure  7.4  Residual  radial  strains  for  various  diametral  expansions 
of  a 0.260  inch  (6.6  mm)  hole  as  predicted  by  the  Hsu- 
Forman  theory  (21). 
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Though  the  Adler-Dupree  computation  gives  the  best  agreement,  it 
would  be  most  useful  to  have  a less  expensive  closed  form  solution.  The 
Hsu-Forman  theory  with  the  addition  of  yielding  on  unloading  or  the  Potter- 
Ting-Grandt  theory  with  the  addition  of  workhardening  would  appear  to  be 
the  best  choices.  The  next  step  in  complication  would  be  to  include  three- 
dimensional  effects. 

8.  STRAINS  DUE  TO  STATIC  LOAD 

Specimens  of  the  three  thicknesses  were  instrumented  with  0.015 
inch  (0.4mm)  gage- length  foil  gages  located  approximately  0.5  mm  from 
the  edge  of  the  hole.  These  tensile  specimens  were  18  inches  (46  cm)  with 
a 9 inch  (23  cm)  long  test  section  that  was  2.5  inch  (6.4mm)  wide.  The  hole 
was,  of  course,  located  in  the  center  of  the  test  section.  This  specimen 
design  is  the  same  as  that  used  by  Adler  and  Dupree  [3],  Specimens  that 
were  not  coldworked  were  tested  in  addition  to  the  coldworked  ones.  Be- 
fore applying  the  foil  gages  to  the  coldworked  specimens,  the  area  around 
the  hole  on  the  front  side  was  sanded  flat  with  400  grit  sandpaper  to  per- 
mit good  gage  bonding.  One  gage  was  oriented  to  measure  tangential  strain 
on  one  side  of  the  hole  and  one  to  measure  radial  strain  on  the  other  side. 
All  the  tangential  gages  were  of  the  post- yield  type,  but  some  of  the  radial 
ones  were  previously  available  regular  type  gages;  some  of  these  broke  at 
the  higher  strains.  Several  specimens  broke  in  the  grips  because  they  were 
loaded  to  68  ksi  (470  MPa),  which  is  very  near  the  yield  stress  of  the  ma- 
terial. 

Stres  s- strain  data  for  a coldworked  and  noncoldworked  l/4  inch 
(6.4  mm)  specimen  upon  loading  and  unloading  are  given  in  Figure  8.1. 

There  is  not  a great  deal  of  difference  between  the  beahvior  of  the  two 
specimens.  Plotted  on  Figure  8.1  is  the  predicted  behavior  of  the  tan- 
gential strain  from  Figure  2.20  of  Adler  and  Dupree's  report  [3],  Their 
data  is  taken  from  their  plots  of  strain  distribution  as  a function  of  applied 
load  and  thus  is  not  very  accurately  presented.  Their  computations  de- 
scribe the  behavior  very  well  except  for  the  plastic  flow  at  the  higher 
stresses.  The  strain  predicted  if  the  material  were  completely  elastic 
is  also  plotted  on  gure  8.1.  The  stress- strain  behavior  both  measured 
and  predicted  by  Adler-Dupree  is  elastic  to  approximately  50  ksi  (340  MPa). 

Similar  data  is  presented  for  the  l/8  inch  (3.2mm)  specimens  in 
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Figure  8.1  Strains  near  the  hole  as  measured  by  foil  gages  on 
1/4  inch  (6.4  mm)  tensile  specimens. 
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Figure  8.2.  The  behavior  of  the  noncoldworked  specimen  is  very  similar 
to  Figure  8.1,  but  the  coldworked  specimen  deforms  quite  differently.  Re- 
member that  the  coldworked  l/8  inch  (3.2mm)  specimen  showed  a different 
residual  strain  pattern  on  the  front  surface. 

Figure  8.3  gives  the  stress- strain  data  for  the  l/l6  inch  (1.6  mm) 
specimens,  both  of  which  broke  in  the  grips.  It  is  interesting  that  the  be- 
havior of  the  two  is  so  nearly  the  same  even  though  the  coldworked  speci- 
men had  been  buckled  around  the  hole.  This  behavior  is  quite  different 
from  the  previous  two  thicknesses,  indicating  that  the  three-dimensional- 
ity of  the  stress  field  in  the  others  is  important.  The  main  difference  is 
that  this  thinner  specimen  departs  from  elastic  behavior  at  approximately 
40  ksi  (276  MPa).  The  elastic  solution  and  Adler-Dupree's  prediction 
could  of  course  be  superposed  on  Figures  8.2  and  8.3. 

One  must  conclude  from  these  results  that  coldworking  the  hole 
makes  little  difference  in  the  static  behavior  away  from  the  hole  at  the 
foil  gage  location.  Note  that  the  strains  measured  on  the  coldworked 
specimen  have  as  their  initial  "zero"  value  the  residual  strain  already 
existing  in  the  material. 

The  l/4  inch  (6.4mm)  thick  specimens  were  also  instrumented 
with  the  same  kind  of  foil  gages  at  the  top  (and  bottom)  of  the  hole.  The 
strains  measured  are  shown  in  Figure  8.4.  Note  that  the  strain  scale  has 
been  reduced  by  10.  The  noncoldworked  specimen  shows  some  flow  in  the 
reverse  direction  for  the  radial  strain,  but  the  coldworked  specimen  shows 
large  reverse  flow  for  both  radial  and  tangential  strain.  Adler  and  Dupree 
[3]  in  their  Figure  2.21  predict  that  the  tangential  strain  will  be  all  com- 
pressive. Again,  these  strains  are  an  order  of  magnitude  smaller  than 
the  tangential  strains  on  the  side  of  the  hole,  but  the  large  amount  of  flow 
indicates  that  the  stresses  there  are  quite  large. 

9.  FATIGUE  DATA 

Some  preliminary  fatigue  tests  were  run  to  examine  the  develop- 
ment and  propagation  of  cracks  around  the  coldworked  holes.  The  avail- 
able electrohydraulic  test  machine  was  limited  to  a maximum  load  of 
5,000  lb  (22,400N),  so  experiments  had  to  be  performed  on  the  l/l6  inch 
(1.6  mm)  specimens.  All  specimens  were  18  inches  (46  cm)  long  by  2.5 
inches  (6.4cm)  with  a 9 inch  (23cm)  test  section.  This  is  the  same 
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configuration  as  tested  by  Adler  and  Dupree  [3]  except  that  the  fillets  re- 
ducing the  grip  ends  to  the  test  section  are  larger.  All  specimens  were 
fatigue  tested  with  a maximum  stress  of  30.7  ksi  (212  MPa)  and  minimum 
stress  of  3.1  ksi  (21  MPa).  From  the  loading  experiments  of  the  previous 
section  one  sees  that  this  is  near  a stress  level  that  would  induce  static 
yielding,  i.  e.,  these  are  basically  low- cycle- fatigue  tests.  All  tests  were 
run  at  a loading  frequency  of  10  Hz.  The  specimens  were  fatigue  loaded 
in  increments  of  2000  cycles  until  cracks  were  determined  by  examining 
the  specimen  out  of  the  test  machine  under  a microscope.  After  a crack 
(or  cracks)  had  initiated,  the  specimen  was  cycled  in  increments  of  1000 
cycles. 

Crack  growth  curves  for  three  specimens  are  given  in  Figures  9.1  - 
9.3.  These  specimens  were  all  subjected  to  the  same  coldworking  process 
on  an  originally  0.260  inch  (6.6mm)  diameter  hole  (except  for  the  specimen 
in  Figure  3.2,  whose  original  diameter  was  0.263  inches  (6.7mm)).  Sev- 
eral cracks  appeared  almost  simultaneously  in  all  specimens,  and  all  con- 
tinued to  grow  with  fatigue  loading.  The  cracks  originated  at  the  edge  of 
the  holes  close  to  an  imaginary  line  drawn  through  the  center  of  the  hole 
perpendicular  to  the  load  axis.  All  cracks  started  at  between  6000  and 
8000  cycles  of  loading. 

Two  specimens  that  had  not  been  coldworked  were  fatigue  tested 
under  the  same  conditions.  Their  behavior  is  shown  in  Figure  9.4.  On 
one  specimen,  cracks  grew  more  or  less  equally  from  each  side  of  the 
hole;  on  the  other,  only  one  crack  grew.  These  cracks  all  grew  exactly 
along  a line  perpendicular  to  the  load  axis.  Note  the  larger  horizontal 
scale  in  Figure  9.4. 

The  interesting  result  here  is  of  course  that  the  noncoldworked 
holes  had  greater  fatigue  life.  The  crack  growth  rate  is  roughly  the  same, 
but  the  coldworked  holes  develop  cracks  sooner.  This  is  in  direct  contra- 
diction to  common  experience  with  coldworking.  In  particular,  Phillips 
[13]  recorded  increasing  fatigue  life  with  increasing  amounts  of  interfer- 
ence-- roughly  a factor  of  10  for  maximum  interference  over  the  noncold- 
worked hole.  But  those  were  0.375  inch  (9.5  mm)  holes  in  0.25  inch  (6.4 
mm)  thick  specimens.  In  a comparison  of  specimen  thickness  effects,  all 
0.375  inch  (9.5mm)  holes  were  coldworked  to  0.019  inch  (0.48 mm) --equiv- 
alent to  a 0.013  inch  (0.33  mm)  expansion  on  a 0.26  inch  (6.4  mm)  hole  which 
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Figure  9.1  Growth  curves  for  cracks  emanating  from  coldworked  holes 
in  1/16  inch  (1.6  mm)  specimens. 
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is  very  near  to  the  0.012  inch  (0.30mm)  value  used  in  this  report.  The 
larger  thickness  gave  a life  to  failure  of  approximately  400,000  cycles, 
while  the  thinner  specimens  lasted  only  to  approximately  40,000  cycles. 
Their  stress  levels  were  30  ksi  (207  MPa)  and  their  material  was  2024- 
T851  aluminum.  Their  results  are  consistent  with  ours- -the  ratio  of  hole 
diameter  to  specimen  thickness  is  important. 

10.  CONCLUSIONS 

Laboratory  specimens  can  be  prepared  and  tested  with  satisfactory 
control  of  the  original  hole  size  and  the  coldworking  procedure.  In  other 
words,  th>  results  obtained  from  two  specimens  subjected  to  the  same 
treatment  are  nearly  identical.  One  can  then  examine  the  effects  of  var- 
ious parameters  (such  as  specimen  thickness)  with  confidence. 

Onl^one  amount  of  radial  expansion  and  hole  size  [0.006  inches 
(0.15mm)  anci  0.26  inches  (6.60mm)]  and  one  type  of  mandrel  was  used  in 
this  experimental  study  because  those  were  used  by  Adler-Dupree  [3]. 
These  parameters  are  good  choices  for  l/4  inch  (6.4mm)  thick  specimens, 
but  not  for  the  thinner  ones.  The  l/8  inch  (3.2mm)  specimens  do  not  ex- 
pand vertically  on  the  free  surface  as  they  should,  and  the  1 / 1 6 inch  (l/6 
mm)  specimens  tend  to  buckle  around  the  hole.  A more  complete  study 
should  consider  the  effects  of  various  levels  of  coldwork. 

The  strains  around  a coldworked  hole  are  symmetric  about  a verti- 
cal axis  through  the  hole.  However,  near  the  edge  of  the  hole  the  strain 
is  large  (several  percent),  increases  sharply,  and  becomes  very  inhomo- 
geneous. Because  of  these  difficulties,  the  measurement  of  indentations 
nominally  200  microns  apart  with  a microscope  and  the  moir6  method  are 
the  two  most  suitable  strain  measuring  techniques.  The  strain  near  the 
hole  is  the  most  critical  because  that  is  where  fatigue  cracks  start.  There- 
fore, that  strain  must  be  measured  and  either  the  largest  value,  or  the 
average  value,  used  in  comparison  with  theories. 

An  industrial  coldworking  process  (J.  O.  King,  Inc.)  was  used  for 
expanding  the  holes.  A sleeve  with  a lip  was  inserted  into  the  hole,  a ta- 
pered mandrel  pulled  through  the  hole,  and  (to  compare  with  theories)  the 
sleeve  then  removed.  This  process  generates  a strain  distribution  that 
varies  through  the  thickness  of  the  specimen  near  the  hole.  The  deforma- 
tion near  the  hole  is  not  plane  stress;  the  strain  on  the  surface  opposite 
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the  sleeve  lip  is  different  than  on  the  surface  with  ihe  sleeve  lip.  This  in- 
dustrial process  does  not  produce  the  uniform  radial  expansion  of  the  hole 
edge  that  all  theories  assume.  The  shearing  deformation  associated  with 
the  pulling  of  the  mandrel  and  the  removal  of  the  sleeve  is  important.  How- 
ever, away  from  the  hole  edge  after  the  strains  have  dropped  to  two  percent 
or  less,  the  deformation  is  similar  to  that  caused  by  a plane  stress  radial 
expansion  of  the  hole. 

The  Adler-Dupree  finite- element  computation  makes  the  best  pre- 
diction of  the  residual  radial  strain  around  the  hole  based  on  comparisons 
of  strains  at  locations  greater  than  1 mm  from  the  hole's  edge.  The  ana- 
lytical theories  predict  strains  that  are  smaller  away  from  the  hole  and 
too  large  at  the  edge  of  the  hole.  None  of  the  theories  predicts  the  tangen- 
tial strain  very  well.  The  thinner  specimens  agree  better  with  the  theories 
than  do  the  l/4  inch  (6.4mm)  specimens,  indicating  that  plane  stress  is  too 
restrictive  as  assumption  for  a hole-diameter- to- thickness  ratio  of  one.  Of 
the  various  analytical  theories  considered,  the  Hsu-Forman  [21]  and  Potter- 
Ting-Grandt  [22,  23]  ones  are  the  best. 

Experimental  evidence  shows  that  the  deformation  of  the  elastic- 
plastic  boundary  is  of  the  form  that  would  be  produced  by  a uniform  radial 
expansion  of  the  hole.  The  strains  there  are  equal  and  opposite  in  sign  and 
do  not  vary  through  the  thickness.  It  is  quite  possible  that  a theory  would 
correctly  predict  the  location  of  this  boundary  over  a range  of  parameters 
(e.  g.,  amount  of  coldworking,  material,  etc.)  and  yet  not  predict  the  aver- 
age strain  at  the  hole  edge.  For  large  coldworking  levels,  the  location  of 
this  boundary  does  not  vary  much  with  amount  of  coldwork;  the  evaluation 
of  theories  must  take  this  into  account. 

Only  the  Adler-Dupree  finite- element  approach  can  compute  the 
strains  around  a coldworked  hole  subjected  to  remote  loads,  and  in  limited 
comparisons  it  indicates  the  correct  trends.  Fatigue  tests  were  restricted 
to  1/ 1 6 inch  ( 1.6  mm)  thick  specimens,  and  the  size  of  hole  and  amount  of  cold- 
work  damage  the  hole  and  reduce  the  fatigue  life  x-ather  than  entrance  it. 

This  experimental  study  has  evaluated  and  developed  strain  mea- 
suring and  specimen  preparation  techniques  for  studying  the  deformation 
around  coldworked  holes.  Experimental  information  about  the  nature  of 
the  strain  field  around  a hole  that  is  coldworked  by  an  industrial  process 
has  been  generated  and  compared  with  existing  elastoplastic  theories.  The 
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primary  conclusion  is  that  the  theories  (which  assume  a state  of  plane 
stress)  do  not  accurately  predict  the  strains  near  the  hold  edge,  but  do  a 


reasonable  job  of  predicting  the  strains  away  from  the  hole,  at  least  for 
this  particular  industrial  process.  The  strains  near  the  hole  are  large 
and  inhomogeneous,  which  makes  their  measurement  and  their  compari- 
son with  continuum  theories  difficult.  A limitation  of  this  experimental 
work  is  that  only  one  coldworking  level  was  studied;  future  research 


should  be  directed  toward  varying  this  as  well  as  other  parameters. 
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